Degenerating muscle fibers in the skeletal muscle of mdx mice were visualized by vital staining with Evans blue. Evans blue injected intravenously stained only degenerating muscle fibers which were visible as blue fibers macroscopically and could also be seen as red fluorescent fibers microscopically. Evans blue-stained muscle fibers were either hypercontracted or degrading. Intact or regenerating muscle fibers in mdx mice and muscle fibers in B10 control mice were not stained with the dye. DNA isolated from Evans blue stained fibers exhibited fragmentation to approximately 180 base pairs on agarose gel electrophoresis.
Such DNA fragmentation was not found in DNA from unstained muscle fibers in mdx or B10 mice. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end-labeling (TUNEL)-positive myonuclei were also found in Evans blue-stained muscle fibers but not in unstained ones. These results indicate that degenerating muscle fibers in the mdx mouse show an increase in membrane permeability and undergo apoptosis. Vital staining with Evans blue is useful not only for distinguishing degenerating muscle fibers, but also for studying the degeneration process biochemically in dystrophin deficient muscle. This method may also be useful for evaluating the therapeutic effects of drug administration, gene transfer, and myoblast transfer in the mdx mouse.
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Duchenne type muscular dystrophy (DMD) is caused by a lack of dystrophin. Dystrophin deficiency results in mecha nical weakness (1) (2) (3) (4) (5) (6) , and elevated levels of intracellular free calcium ions (7) (8) (9) and muscle degeneration (10) . An imbalance in muscle degradation and regeneration is criti cal to the manifestation of the symptom (11) . Therapeutic methods for treatment of DMD have not yet been estab lished. The mdx mouse (12) , which has a point mutation in the dystrophin gene and does not express its mRNA (13) or dystrophin (14) in detectable amounts in the skeletal muscle, shows muscle degeneration and slight muscle weakness. Recently, myoblast transfer (15) and gene transfer (16, 17) have been attempted using the mdx mouse as an animal model of DMD. To evaluate the therapeutic effects of these methods, it is necessary to confirm the appearance of dystrophin-positive muscle fibers and to determine the ratio of degenerating and intact muscle fibers in situ histologically, since mdx mice do not develop symptoms as severe as those of DMD in humans.
Here, we report a new method to identify degenerated muscle fibers in the mdx mouse by vital staining with Evans blue. Injection of Evans blue intravenously stained only degenerated and not intact muscle fibers. Myonuclei in Evans blue-stained muscle fibers were shrunken and pycnotic as compared with those in unstained muscle fibers. One hundred and eighty base pair-sized ladders of total DNA isolated from Evans blue-stained muscle fibers were found in agarose gel electrophoresis. Terminal deoxynu cleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) also revealed the existence of apoptotic myonuclei in Evans blue-stained fibers. These results suggest that "apoptosis" coupled with the increase of membrane permeability may be involved in the early phase of the pathogenesis of muscular dystrophy in the mdx mouse. This vital staining method is useful for studying the processes of degeneration of dystrophic muscle tissues morphologically as well as biochemically. 
MATERIALS AND METHODS

Animals
RESULTS
Macroscopic
Observation-Following staining with Evans blue, many blue-colored longitudinal lines were observed in skeletal muscles of mdx mice including pecto ralis major, pectoralis minor, diaphragm, biceps femoris, and soleus muscles. In B10 mice, in contrast, no such blue lines were seen. Figure 1 shows examples of Evans blue stained hind legs of mdx and B10 mice. Similar staining patterns were found in skeletal muscles of mdx mice injected with trypan blue or phloxine B. Among these three stains, Evans blue was found to be the most suitable with regard to the intensity of staining.
Microscopic Observation-To localize Evans blue dye at the cellular level, cryosections were prepared and observed under a fluorescence microscope equipped with 546nm activation filters, since Evans blue emits reddish fluores cence when activated with green light. Figure 2 shows fluorescence images of transverse cryosections of the pectoralis major muscle of mdx and B10 mice. Bundles of mdx muscle fibers were fluorescence-positive (Fig. 2,  asterisks) , whereas surrounding fibers were fluorescence negative. In B10 mice, such fluorescence-positive fibers were not found. Interstitial spaces in skeletal muscles in both mdx and Bl0 mice were also Evans blue-positive when cryosections were made without fixation and washing (Fig. 2, arrowheads) . The fluorescence in the interstitial spaces of cryosections disappeared following washing in PBS, but the fluorescence in muscle fibers remained without fading, suggesting that Evans blue became insol uble in the cytoplasm of these degenerating muscle fibers. Figure 3 shows transverse parrafin sections of the dia phragm of an mdx mouse injected with Evans blue. Evans blue-positive fibers corresponded to either hypercontract ed fibers which were large and round in shape and had darker eosin staining (Fig. 3 , asterisks) or necrotic fibers with faint eosin staining and degraded intracellular struc tures (Fig. 3 , single arrowheads). Fluorescence-negative fibers in mdx mouse skeletal muscle corresponded to either non-necrotic intact muscle fibers or regenerating fibers with central myonuclei (Fig. 3, double arrowheads) . Longitudi nal sections of diaphragm of Evans blue injected mdx mouse confirmed that fluorescence-positive fibers were hypercontracted (Fig. 4 , A and D, asterisks) or necrotic (Fig. 4 , A and D, single arrowheads). However, fibers with cross-striated myofibrils were fluorescence -negative (Fig.  4 , A and D, double arrowheads). It is noteworthy that fluorescence-negative muscle fibers with cross-striated myofibrils contained typical shaped myonuclei (Fig. 4B,  arrowheads) ; whereas fluorescence-positive muscle fibers with no cross-striated myofibril contained condensed myonuclei (Fig. 4C, arrowheads) . Apoptosis in Dystrophic Muscle-Genomic DNA isolated from Evans blue-stained regions of the biceps femoris muscles of mdx mice exhibited approximately 180 base pair fragmentation on agarose gel electrophoresis. DNA fragmentation was not found in DNA isolated from jux taposed unstained regions of the same muscle (Fig. 5) . The TUNEL method was used to analyze DNA fragmentation in sections of mdx biceps femoris muscle. Most (98%, n=100) of the TUNEL-positive myonuclei were localized in Evans blue-positive muscle fibers (Fig. 6) . The numbers of TUNEL-positive myonuclei in biceps femoris muscles of mdx and Bl0 mice are summarized in Table I . The numbers of TUNEL-positive myonuclei in 1mm 3 of femoral muscles in mdx mice was over 70 times higher than that in control B10 mice. The patterns of DNA fragmentation, the shapes of myonuclei and the results of TUNEL staining indicate that an increase in membrane permeability and apoptosis occurred at an early phase of degeneration in the skeletal muscles of mdx mice.
DISCUSSION Vital Staining of Dystrophic Muscle Fibers by Evans
Blue-To distinguish dead cells in cell preparations, the dye exclusion test has been widely used. In this test, dead cells with permeable cytoplasmic membranes are stained with a water-soluble and lipid-insoluble dye, whereas viable cells with intact cytoplasmic membranes are not stained. Trypan blue (19) , phloxine B (20) , and Evans blue (21) are used frequently for dye exclusion tests in animal cells, yeasts, and plant cells, respectively. Evans blue is also a common staining dye for measurement of allergic responses in passive cutaneous anaphylaxis (22) . In the present study, dystrophic muscle fibers in mdx mice were Fig. 1 . Staining of mdx and B10 leg muscles with Evans blue. Evans blue was injected intravenously into 4-month-old mdx (A) and B10 (B) mice. The muscles of the right hind legs were isolated at 8 h after dye injection and fixed in 10% formalin in PBS. Note that blue-colored fibers were visible macroscopically only in mdx leg muscles. stained with these dyes, especially with Evans blue, when the dye was injected intravenously. Intact fibers were not stained with the dye. Two distinct techniques have been described which allow degenerating and intact skeletal muscle fibers in mdx mice to be distinguished. Weller et al. detected IgG in degenerating fibers of mdx muscle by immunocytochemical staining, suggesting that degenerat ing fibers showed increased membrane permeability (1) . Using supravital staining, Petrof et al. reported that degenerating muscle fibers of mdx mice were stained specifically when the tissue was immersed in 0.2% procion orange solution and thin sections of the tissue were ob served under a fluorescent microscope (5) . These tech niques are useful for histological studies; however, they may not be adequate for observing degenerating muscle fibers macroscopically or for allowing selective excision of degenerating muscle fibers. In contrast, by vital staining with Evans blue as described in the present study, only degenerating fibers become visible microscopically, as well as macroscopically so that distinction of degenerating muscle fibers and excision for biochemical studies can be performed readily without any denaturing process.
Evans Blue Stainability of Degenerating Muscle Fibers It has been suggested that dystrophic muscle fibers are defective in membrane integrity and the cell membranes are leaky, since cytoplasmic enzymes such as creatine phosphokinase are present at much higher levels in the serum of DMD patients than in that of healthy controls (23) . Studies of dystrophin localization in skeletal muscle strongly supported the idea that the sarcolemma may be a target of the disease since dystrophin resides beneath the cell membrane (24, 25) . In this study, it was shown that Evans blue selectively stained hypercontracting and ne crotic muscle fibers, suggesting that the dye passed through the plasma membrane and penetrated into the cytoplasm of these muscle fibers. In human DMD, hypercontracted fibers were frequently observed (10, 26) . Hypercontracted fibers can also be induced experimentally in normal muscle by micropunctures (27) , by focal lysis of the plasma mem brane using detergents, or by local intramuscular injection of the calcium ionophore A23187 (28). In the case of human DMD, a significant number of hypercontracted fibers were shown to correspond with the calcium-loaded fibers which were identified by trichrome staining (29) . Although the incorporation of Evans blue into degenerating muscle fibers is a clear indication of membrane leakiness of degenerating fibers, it remains unclear whether the increment in perme ability is the cause or a result of muscle degeneration in the mdx mouse. It also remains to be clarified how the membrane permeability of certain muscle fibers increases while many of the surrounding muscle fibers remain intact or unstained, even though all muscle fibers are deficient in dystrophin.
Cell Death in Dystrophic Muscle-Apoptosis takes place during development and various pathological processes (30) (31) (32) (33) .
During apoptosis, DNA fragmentation and TUNEL-positive nuclear staining are evident (18, 34, 35) . In the present study, myonuclei condensation, DNA frag mentation, and TUNEL-positive staining were found selec tively in degenerating muscle fibers with increased mem brane permeability, which were identified by Evans blue vital staining. Coulton et al. reported single-stranded DNA breaks in significant numbers of nuclei in muscle lesions of mdx mice (36) . Tidball et al. also demonstrated DNA fragmentation and significant numbers of TUNEL-positive myonuclei in mdx muscles at the peak of the necrotic (4 weeks old) phase (37) . Although both studies provided strong evidence of apoptosis in mdx skeletal muscle, it was not clear whether the DNA breaks were in differentiated muscle fibers or in proliferating cells associated with the regenerative process. By combining Evans blue vital stain ing and TUNEL staining, our results indicate that DNA breaks occur in the mdx mouse in differentiated muscle fibers with leaky plasma membranes which allow Evans blue dye to penetrate into the cytoplasm.
In cultured prostatic cells, it was shown that increased calcium influx caused by the calcium ionophore Ionomycin induces apoptosis (38) . Similar results were obtained in cultured thymocytes (35, 39) . The increase in permeability in dystrophin-deficient muscle cells may cause calcium influx into the cytoplasm and activate endonucleases and proteases, eventually triggering apoptosis. It will be of interest to determine whether agents which inhibit endonu clease activity and prevent apoptosis in thymocytes (39, 40) can also inhibit or moderate the degeneration process of dystrophin-deficient muscle fibers.
Staining with Evans blue is useful for identification and characterization of degenerating and intact muscle fibers in dystrophic muscle. Using this method, it may be possible to evaluate the therapeutic effect of treatments such as drug administration, myoblast transfer, and gene transfer, readily and quantitatively. The method may also be helpful in designing drug-delivery systems, since the dye accumu lates rather specifically in degenerating muscle fibers.
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